ZnO thin films with significantly reduced band gaps were synthesized by doping N and codoping Al and N at 100 C. All the films were synthesized by radiofrequency magnetron sputtering on F-doped tin-oxide-coated glass. We found that codoped ZnO: (Al,N) thin films exhibited significantly enhanced crystallinity compared with ZnO doped solely with N, ZnO:N, at the same growth conditions. Furthermore, annealed ZnO:(Al,N) thin films exhibited enhanced N incorporation over ZnO:N films. As a result, ZnO:(Al,N) films exhibited better photocurrents than ZnO:N films grown with pure N doping, suggesting that charge-compensated donor-acceptor codoping could be a potential method for band gap reduction of wide-band gap oxide materials to improve their photoelectrochemical performance.
I. INTRODUCTION
Transition-metal oxides are potential candidates for photoelectrochemical (PEC) H 2 production from water. 1, 2 However, to date, only TiO 2 has received extensive attention. [3] [4] [5] [6] ZnO has similar band gap and band-edge positions compared with TiO 2 , 1 but ZnO has a direct band gap and higher electron mobility than TiO 2 . 7 Thus, the PEC property of ZnO also needs to be studied. 8 Like TiO 2 , the band gap of ZnO (3.3 eV) is too large to effectively use visible light. 3 Therefore, it is critical to reduce the band gap of ZnO.
To date, impurity incorporation has been the main method of reducing the band gap of TiO 2 . It has been reported that N, C, and S doping can successfully narrow the band gap of TiO 2 and push the photoresponse into the long-wavelength region. [3] [4] [5] [6] Although band gap reduction of TiO 2 has been extensively studied, very limited research exists on band gap narrowing of ZnO by impurity incorporation. Significant amounts of N can be incorporated into ZnO and WO 3 only at low temperatures. 9, 10 However, films grown at low temperature usually exhibit poor crystallinity, which is extremely detrimental to PEC performance. This dilemma hinders the PEC performance of N-incorporated ZnO and WO 3 films. A possible cause for the inferior crystallinity may be uncompensated charged N atoms. This problem could be overcome by charge-compensated donor-acceptor doping, such as codoping ZnO with Al and N. Furthermore, incorporating (Al,N) pairs is easier than incorporating sole N atoms because of donor-acceptor interaction. [11] [12] [13] The Al and N codoped ZnO films have been synthesized by many groups; however, to date, these studies have focused mostly on p-type doping, and thus, the doping concentration was usually low and the band gap of ZnO was not heavily affected. [14] [15] [16] [17] [18] The effect of passive codoping of Al and N in ZnO thin films on PEC performance has not been investigated. Zn atoms always combine preferentially with O, rather than with N.
In this paper, we report on the synthesis of ZnO:N and ZnO:(Al,N) thin films by reactive radiofrequency (RF) (3) . All the thin films were grown using a reactive RF magnetron sputtering system. F-doped SnO 2 (FTO; 20-23 O/G) coated transparent glasses were used as substrates. The distance between the target and substrate was 8 cm. The base pressure was below 5 Â 10 À6 Torr, and the working pressure for all synthesis was 2 Â 10 À2 Torr. The substrate was rotated at 30 rpm for uniform deposition of the film. Prior to sputtering, a presputtering process was performed for 30 min to eliminate any contaminants from the target. Sputtering was then conducted with different RF powers from 100 to 300 W at 100 C. For comparison, ZnO and ZnO:Al film was deposited at an RF power of 300 W in pure Ar ambient. All samples were controlled to have a similar film thickness of about 1000 nm as measured by stylus profilometry.
The structure of synthesized films was characterized by x-ray diffraction (XGEN-4000, Scintag Inc.) operated with a Cu Ka radiation source at 45 kV and 37 mA. The N concentration in the thin films was evaluated by x-ray photoelectron spectroscopy (XPS). The ultraviolet-visible (UV-Vis) absorption spectra of the samples were measured by an n&k analyzer 1280 (n&k Technology, Inc., San Jose, CA) to investigate the optical properties of deposited thin films.
Photoelectrochemical measurements were performed in a three-electrode cell with a flat quartz-glass window to facilitate illumination to the photoelectrode surface. 19 The sputter-deposited films were used as the working electrodes with an active surface area of about 0.25 cm 2 . Pt mesh and an Ag/AgCl electrode were used as counterelectrodes and reference electrodes, respectively. A 0.5 M Na 2 SO 4 aqueous solution with a pH of 6.8 was used as the electrolyte for the PEC measurements, and scan rate of 5 mV/s was kept in this experiment. The PEC response was measured using a fiber-optic illuminator (150 W tungsten-halogen lamp) with a UV/infrared (IR) cut-off filter (cut-off wavelengths: 350 and 750 nm) and combined UV/IR and green bandpass filter [wave length: 538.33 nm, full width at half maximum (FWHM): 77.478 nm]. The light intensity was measured by a photodiode power meter. The total light intensity with the UV/IR filter only was fixed at 125 mW/cm 2 . Because our films were deposited on conducting substrates, measurements of electrical property by the Hall effect were not possible. Instead, the electrical properties were measured by Mott-Schottky plots, which were obtained by alternating current (ac) impedance measurements. The ac impedance measurements were carried out with a Solartron 1255 frequency response analyzer using the above three-electrode cells. Measurements were performed with an ac amplitude of 10 mV, and frequency of 5000 Hz under dark conditions and the ac impedances were measured in the potential range of À0.7 to 1.25 V (vs Ag/AgCl reference). The series capacitor-resistor circuit model was used for Mott-Schottky plots. plots indicate substrate peaks. The ZnO film exhibits poor crystallinity because of the low-temperature sputtering process. The ZnO:N film grown at 100 W showed better crystallinity than the pure ZnO film, despite the faster deposition rate. For ZnO growth, the ambient is pure Ar gas. For ZnO:N growth, the ambient is mainly N 2 with only 10% O 2 . When the RF power was increased to 200 and 300 W, the crystallinity of the deposited films decreased. The ZnO:N films deposited at higher RF power grew faster compared with the deposition rate observed for deposition with 100 W RF power. The N concentrations in 100, 200, and 300 W samples were about 1, 1, and 2 at.%, respectively, as determined by XPS. It is known that a high concentration of dopant can deteriorate crystal structure. The average crystallite sizes were about 21, 42, 34, and 35nm for the ZnO, ZnO:N (100 W), ZnO:N(200 W), and ZnO:N(300 W), respectively, which were estimated by applying the DebyeScherrer equation to our XRD data.
Figure 2(a) shows the optical absorption spectra of the ZnO and ZnO:N films grown at different RF powers.
It is clearly seen that the absorption shifted increasingly to the longer-wavelength region as the RF power increased. This indicates that N incorporation in ZnO is increased as RF power increases. 22, 23 Figure 2(b) shows the optical absorption coefficients of the ZnO and ZnO: N films grown at different RF powers. The direct electron transition from valence to conduction bands was assumed for the absorption coefficient curves, because ZnO films are known as direct-band gap materials. 1, 23 The optical band gaps of the films were determined by extrapolating the linear portion of each curve. The band gap of the ZnO film is 3.26 eV, which is consistent with the results reported elsewhere. 24, 25 The direct optical band gaps measured for ZnO:N films deposited at a substrate temperature of 100 C gradually decreased to 3.13 eV as the RF power increased to 300 W. Figure 3 shows the XRD curves of the second set of samples, ZnO:(Al,N)(2), ZnO, and ZnO:Al. The dotted lines indicate substrate peaks. It is seen that the ZnO:Al film exhibits poor crystallinity, likely because of the low deposition temperature and high RF sputtering process combined with pure Ar gas ambient. The ZnO:(Al,N) (2) film grown at 100 W shows better crystallinity than that of ZnO and ZnO:Al films, despite faster deposition rate. For pure ZnO growth, the ambient was Ar gas. For ZnO: (Al,N)(2) growth, the ambient is mainly N 2 with only 10% O 2 . When the RF power was increased to 200 and 300 W, the crystallinity surprisingly increased and a significant amount of N was incorporated. Such significantly enhanced crystallinity is attributed to the charge-compensated donor-acceptor codoping. As the RF power was increased from 100 to 300 W, N incorporation in the films was increased. The concentrations of N in 100, 200, and 300 W samples were about 2, 4, and 5 at.%, respectively, as determined by XPS. Applying the Debye-Scherrer equation to our XRD data, average crystallite sizes were estimated to be 21, 24, 32, 35, and 39 nm for the ZnO, ZnO:Al, ZnO:(Al,N)(2)(100 W), ZnO:(Al,N)(2)(200 W), and ZnO:(Al,N)(2)(300 W) films, respectively. Figure 4 shows the optical absorption spectra of the ZnO, ZnO:Al, and ZnO:(Al,N)(2) films grown at different RF powers. It is seen that the ZnO:(Al,N)(2) films showed optical absorption in a much longer wavelength region compared with ZnO and ZnO:Al, indicating that a significant amount of N is incorporated in the films. The direct optical band gaps measured for ZnO:(Al,N)(2) films at 100 to 300 W drastically reduced from 3.13 to 2.02 eV, respectively. This significant band gap reduction is caused by enhanced N concentration incorporated in the films. Figure 5 shows the XRD curves of the third set of samples, ZnO:(Al,N)(3) and ZnO and ZnO:Al deposited at 300 W. The dotted lines in the XRD plot indicate substrate peaks. It is clearly shown that as the RF power is increased from 100 to 300 W, crystallinity is enhanced greatly. Applying the Debye-Scherrer equation to our XRD data, crystallite sizes were estimated to be 21, 24, 28, 35, and 44 nm for the ZnO, ZnO:Al, ZnO:(Al,N)(2) (100 W), ZnO:(Al,N)(2)(200 W), and ZnO:(Al,N)(2) (300 W) films, respectively. The concentrations of N in 100, 200, and 300 W samples were about 1, 2, and 3 at.%, respectively, as determined by XPS. Compared with ZnO:(Al,N)(2) films grown in mixed N 2 and O 2 ambient with O 2 mass flow rate of 10%, ZnO:(Al,N)(3) thin films deposited in mixed N 2 and O 2 ambient with O 2 mass flow rate of 25% showed less N incorporation at respective RF powers. Figure 6 shows the optical absorption coefficient of the ZnO, ZnO:Al, and ZnO:(Al,N)(3) films grown at different RF powers. The direct optical band gaps measured for ZnO:(Al,N) (3) showed n-type behaviors resulting from substitutional N 2 molecules that act as shallow double-donors. Perkins et al. 27 reported that a N 2 /O 2 plasma can contain a significant fraction of N 2 molecules that can be incorporated into ZnO films, leading to the n-type behavior. Figs. 9(a)-9(c) . The ZnO and ZnO:N films exhibited no clear photoresponse, because of their wide band gaps. The codoped ZnO:(Al,N) films exhibited much higher photocurrent than the ZnO:N film, despite much less light absorption. It indicates that a very high recombination rate of the photogenerated electrons and holes is present in the ZnO:N film, because of its inferior crystallinity and uncompensated charges. On the other hand, the codoped ZnO:(Al,N) film exhibited remarkably increased crystallinity, N incorporation, and charge compensation, which lead to enhanced photocurrent compared to the ZnO:N film. We encountered instability issues when the film is in contact with electrolytes. Nonetheless, the results clearly demonstrate that significantly reduced band gap, and enhanced photocurrents can be obtained with a controlled experimental parameter, i.e., charge-compensated donoracceptor doping with low O pressure. 
